Fiber Reinforced Plastic (FRP) 
INTRODUCTION
Parking structures and bridge decks are prime examples of structures subjected to severe environmental conditions, leading to the deterioration of the main structural concrete components due to corrosion of steel, and consequently, a reduced serviceability. Significant fluctuation of the temperature and use of salt for deicing accelerates the corrosion process of the steel reinforcements. In Canada, it is estimated that the cost of repairing parking Structures is in the range of four to six billion dollars. 1 The estimated repair cost for existing highway bridges in U.S. is over 50 billion dollars, and one to three trillion dollars for all concrete structures.
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Excessive corrosion problems also exist in Arabian Gulf countries. 3 The exterior of reinforced concrete structures in these countries are subjected to an extremely aggressive environment due to the high temperatures and humidities. Presence of shrinkage and flexural cracks allows intrusion of the salt-laden condensation, contaminated rain water, oxygen, and carbon dioxide gases. This mixture of chemicals and moisture eventually penetrates to the level of steel reinforcement and accelerates their corrosion rates. Many techniques have been studied to delay the corrosion rates. These include cathodic protection systems 4 and the use of galvanized or epoxy coated rebars. 5 Long term efficiency of these systems is still uncertain. 6 Eniineers are currently exploring the use of fiber reinforced plastics (FRP) as a promising solution for the corrosion problem. FRP is non-corrosive, mag- ments used in· this program, including GFRP, CFRP, and steel. Table 1 provides their fundamental mechanical properties.
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The GFRP rods are manufactured by pultration of E-glass continuous fibers and thermosetting polyester resin. To enc hance the bond characteristics, the surface is wrapped by helically glass fiber strands and covered by a mixture of a known grain size of sand and polyester resin.?
The CFRP reinforcement used in this test program is an 8 mm (5/16 in.} diameter CFRP bar produced by Mitsubishi Chemical, Japan. The CFRP bars are fabricated using continuous coal tar pitch-based continuous fibers and epoxy resin. 8 Figure 2 shows the particular GFRP and CFRP bars used in the investigation.
The measured average compressive strengths of the concrete used for the slabs ranged from 60.0 MPa (8600 psi) to 66.3 MPa (9600 psi) at the time of testing, with a maximum aggregate size of 14 mm (1/2 in.).
EXPERIMENTAL PROGRAM
The eight prototype one-way concrete slabs, reinforced by three different reinforcement materials, tested in this program are given in Table 2 . Five specimens were reinforced by GFRP bars, two were reinforced by conventional steel bars, and one was reinforced by CFRP bars. The three slabs reinforced by CFRP and steel reinforcements are used as control specimens to compare the behavior of the slabs reinforced by GFRP bars.
The length and width of all the slabs were 3500 mm (11.5 ft) and 1000 mm (3.28 ft), respectively, with a clear span of 3000 rom (10 ft), which was kept constant throughout the study. The two thicknesses of slabs were ·150 rom (6 in.) and 200 rom (8 in.) according to the requirements of the Canadian Design Code, CAN3-A23.3-M94. 9 A concrete cover of 38 mm (1.5 in.) was used for the longitudinal reinforcements. Initially, the slabs were (jesigned to achieve the classical three modes of failure, including: rupture of the reinforcements; simultaneous rupture of the reinforcements and crushing of the concrete; and crushing of the concrete while the reinforcement remains elastic. This was accomplished by using reinforcement ratios less, equal, and more than the balanced reinforcement ratio Ph for the slabs, respectively. After completion of testing the 150 mm (6 in.) thick slabs, the program was revised for reasons related to the observed modes of failure, which will be discussed later. Schematic and view of the test set-up used are shown in Fig. 3 (a) and 3(b), respectively. A 1000 kN (225 kips) closed-loop MTS actuator was used to apply the load through a spreader beam system as shown in Fig. 3(b) . The slabs were simply supported at each end along the entire width.
The slabs were instrumented to measure the applied load, midspan deflections, strains in the extreme compression fibers of the slabs, strains in the reinforcements, strains in the concrete at the level of reinforcements, crack widths within the constant moment zone, and bond slippage at both ends of the specimens.
The slabs were initially loaded at a slow rate of 0.6 mm/min. e/128 in.lmin) up to initiation of cracks. After cracking, the rate of applied load was increased to 1.2 mm1min el64 in.lmin) up to failure.
TEST RESULTS

Flexural behavior
In general, all the slabs reinforced by GFRP bars exhibited linear behavior prior to cracking, followed by development Table 3 . The loaddeflection behavior of the 150 mm (6 in.) thick slabs reinforced by three reinforcement ratios of GFRP and one slab reinforced by steel reinforcements are shown in Fig. 4 . For the two slabs reinforced by the same reinforcement ratio, S-150-T and I-150-C, the slab reinforced by GFRP bars exhibits a significant reduction in stiffness after the initiation of the first crack in comparison to the slab reinforced by steel reinforcements. This behavior is attributed to the low elastic modulus of GFRP bars in comparison to steel reinforcements. All the slabs reinforced by GFRP reinforcements exhibit significantly wider crack widths and depths in comparison to the slab reinforced with steel reinforcements. Since the slabs were tested under a stroke control condition, initiation of new cracks is reflected by large reductions in the load resistance, as shown by the step-wise behavior in Fig. 4 . The ratio of drop in the load resl>tance due to initiation of the first crack, LlP, to the cracking load, Per' is given for all the tested slabs in for the slabs reinforced by GFRP bars, in comparison to the slabs reinforced by steel, is due to the low elastic modulus of GFRP. Slabs I-150-A and I-150-B failed due to rupture of the reinforcements. Slab I-150-C was over-reinforced and expected to fail by crushing of the concrete before rupture of the reinforcem~nts. However, the failure was due to shear of the GFRP bars at a major crack located outside the constant moment zone, as shown in Fig. 5 . Behavior of Slab S-150-T, reinforced by steel reinforcements, was typical as shown in Fig. 4 . The reduction in the stiffness after cracking was followed by yielding, reflected by the measured large deflections, and failure due to the crushing of the concrete in the compression zone at a location within the constant moment· zone of the slab. Based on the behavior described above, the experimental program was revised to test only two 200 mm (8 in.) thick slabs reinforced by GFRP bars, Slabs I-200-A and I-200-C. These slabs were designed to fail by the two extreme failure modes of rupture of the GFRP reinforcements and crushing of the concrete respectively. Along with a control slab rein- The load-deflection behavior of three slabs reinforced by similar reinforcement ratios using GFRP, CFRP and steel reinforcements, are shown in Fig. S . The slab reinforced by CFRP reinforcements, LL-200-C, failed at a load level 27.S percent higher than the nominal strength of the slab. Failure was due to slipping of the reinforcement at one end of the slab at an equivalent bond stress of 4.6 MPa (667 psi). This value is similar to the values measured by tests conducted at the University of Manitoba, 10 and is less than the flexural bond strength of steel reinforcements. As evident in Fig.  S , the ultimate load was significantly higher than the other two slabs, due to the relatively high tensile strength of the CFRP bars in comparison to the GFRP and steel reinforcements, as given in Table 1 . Based on the measured load at failure, the calculated tensile stress of the CFRP bars was apporximately 3000 MPa, which is well above the manufactured guaranteed ultimate tensile strength value of 1970 MPa, given in Table 1 , and used in the original design ofthe slab. These values are in agreement with measured values obtained in an independent study conducted at the University of Manitoba. 11 It should be noted that prior to failure, all the FRP reinforced slabs gave an ample warning effect through large deflections and extensive cracking.
Crack patterns
Crack patterns of the 150 mm (6 in.) thick slabs reinforced by GFRP and steel reinforcements are shown in Fig. 9 . Averaged measured first crack widths and spacings for all slabs tested in this prognun are given in Table 4 . The averaged first crack widths for the 150 mm (6 in.) thick slabs reinforced by GFRP reinforcements was in the range of 1.0 mm (0.04 in.), which is significantly higher than the allowable value of 0.33 mm (0.013 in.) specified by the Canadian Design Code, CAN3-A23.3-M94. 9 The first crack widths, WIF, of the slabs reinforced by GFRP reinforcements are compared to the first crack widths, W Is' of the slabs of simi- Table 4 . Results indicate that the large crack widths in the slabs reinforced by GFRP bars are almost 19 times those developed in the steel reinforced slab. The larger crack widths also result in a large crack spacing of 242 mm (9.5 in.) for the 150 mm (6 in.) thick slabs reinforced by GFRP reinforcements within the ACI Structural Journal/May-June 1998 constant moment zone, which is about 2.3 times that observed for the similar slab reinforced by steel reinforcements. Since no slippage of the GFRP reinforcements was observed at the two ends of the slabs, it appears that the large spacing of the cracks is due to a loss of bond of the GFRP reinforcements to the concrete between the cracks. This could be triggered by possible debonding of the outer spiral layer of the glass fiber wrapped around the core of this particular GFRP reinforcement. This debonding phenomenon was observed during testing of reinforced concrete tension specimeps using the same GFRP reinforcement at the University of Manitoba. 12 as shown in Fig. lO(a) . I These tension specimens consisted of a single GFRP bar embedded in concrete subjected to axial load using two cantilever ends. as shown in Fig. lO(b) . Separation and breaking of the deformations from the GFRP bar surface during tension tests was also reported by others. 13 Crack patterns of the 200 mm (8 in.) thick slabs reinforced with GFRP. steel. and CFRP reinforcements are shown in Fig. 11 . Similarly. the crack spacing for slabs reinforced with GFRP bars was significantly larger in comparison to slabs reinforced by CFRP and steel reinforcements. The average first crack widths for the two slabs reinforced by GFRP bars. I-200-A and I-200-C. were 1.310 mm (0.052 in.) and 0.562 mm (0.022 in.). respectively. These values exceed the allowable value of 0.33 mm (0.013 in.) specified by the Canadian De-,sign Code. CAN3-A23.3-M94. 9 The width of the first crack for slab'I-200-A. reinforced bylaFRP reinforcements. is over 14 times those observed in the steel reinforced slab. again. this behavior is obviously due to the low elastic modulus of GFRP reinforcements in comparison to the elastic modulus of the steel reinforcements and possibly due to loss of bond of these particular GFRP bars.
Mode of failure
All under-reinforced slabs. I-200-A. I-150-B and I-150-A. failed by rupturing of the GFRP bars within the constant moment zone. The measured concrete strains at the level of the GFRP reinforcements and the reading of strain gauges attached to the GFRP bars were lower than the expected ultimate strain value. resulting in lower ultimate moment load resistances of these slabs. as given in Table 3 . Typicalloadstrain at the level of reinforcements. measured by six DEMEC point stations and two electrical strain gauge.s attached to each GFRP bar within the constant moment zone. is shown in Fig. 12 . The results indicate that rupture of the GFRP reinforcements occured. at strain levels lower than the ultimate strain levels achieved in the tension tests. This behavior suggests that the sudden impact caused by the transfer of tensile forces from the concrete to the GFRP bars at the time of cracking. created a localized rupture of the fibers. impeding the GFRP reinforcements to achieve their ultimate tensile strengths. Using the measured ultimate loads and strain ACI Structural Journal! May-June 1998 in ascending order with respect to their bar diameters and percentage of reinforcements. All three slabs exhibit fairly linear behavior after the initiation of crllcking, as evident by the load-deflection envelope. As the bar diameter increased from 9.S mm e/8 in.) to 12.7 mm (1/2 in.), and consequently the reinforcement ratio, the immediate drop of the load resistance t1P due to the initiation of cracks significantly reduced, as shown in Fig. 13(a) and 13(b) . This resulted in a reduction of the impact effect of the load transferred from the concrete in tension to the GFRP and consequently reduces the possibility of localized fracture of the fibers. This was evident by the increase of the ratio of the measured stress of GFRP at failure to the tensile strength, CJ exp ICJFu ' from 76.8 to 9S.4 percent. Reduction of t1PIP cr by increasing of the percentage of reinforcements is typical for the two slab thickness used in this study. It was also noticed that increasing the bar diameter from 12.7 mm (1/2 in.) to IS.9 mm (5/8 in.), reduced the ratio CJexplCJFu from 9S.4 to 81.0 percent, as given in Fig.  13(b) and 13( c) . This behavior could be attributed to the fact that GFRP bars are made of tholtsands of layers of glass fibers and the interlaminate shear lag could lead to a possible unstressed central region of the GFRP bar when subjected to ACI Structural Journal/May-June 1998 14. These characteristics lead to a reduction of the ultimate tensile strength of larger diameter GFRP bars in comparison to small diameters using the same type and percentage by volume of fibers. This phenomenon is reported by others 14 for GFRP reinforcements.
These findings lead to the development of the following proposed equation to evaluate the general strength of FRP reinforcements T in terms of the cross-sectional area AF and ultimate tensile strength, CJFu' of specific sizes of dFRP bars.
[kN]
(1)
The factor ~1 accounts for the reductions in the strengths due to the increase of the diameter in comparison to the specific size of bar manufactured using the same type of fibers and percentage of fibers by volume. The factor ~2 is related to the percentage of FRP reinforcements ratio used in a given concrete member. Evaluation of ~1 could be determined using pure tension tests of various diameters of FRP bars manufactured using the same type of fibers and percentage of fibers by volume. Evaluation of ~2 requires performing flexural tests of concrete members using the same diameter of FRP bars and various percentages of reinforcement. 
Fig. i4-Possible stress distribution across a section of FRP reinforcements
Shear strength of slabs reinforced by GFRP bars
The two slabs reinforced by GFRP originally designed to fail by crushing of the concrete, 1-150-C and 1-200-C, failed in shear due to rupture of the GFRP bars at a major crack within the flexural-shear location. These failures deemed to be premature, since the measured ultimate shear loads of 37.3 kN (8.4 kips) and 79.1 kN (17.7 kips) for Slabs 1-150-C and 1-200-C, respectively, were significantly lower than shear capacities predicted by the Canadian Design Code. 9 The Canadian Design Code equation, Eq. (2), predicts shear capacities of 169.0 kN (37.9 kips) and 250.2 kN (56.1 kips) for the aforementioned slabs respectively using unity for the factors ' A, and <Pc .
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Fig. i5-Close-up of the shear rupture of the GFRP bar at the crack of Slab i-150-C
Close up of the shear rupture of the GFRP bars at the cracks is shown in Fig. 15 . The measured crack widths, in both slabs, prior to failure was approximately 15 mm (9/16 in.), and extended vertically along the entire depth of the slab, providing a compression zone depth of approximately 15 nun e/16 in.). The large width and depth of the cracks virtually eliminates any shear resistance that could be provided along the cracks due to aggregate interlocking and allows for only a very small shear resistance within the reduced compression zone. As a result, the remaining shear resistance was provided mainly by the dowel action of the GFRP bars across the cracks, causing the premature failure as described previously. The dowel strength of the GFRP reinforcements is estimated to be within the range of 7.5 percent to 13.8 percent of the ultimate tensile strength, based on the experimental results of slabs 1-150-C and 1-200-C. This range is close to the value of 8.7 percent, obtained from pure dowel strength tests performed on the same GFRP bars at the University of Manitoba. 15 
[kg] (2)- (7), it is proposed to modify all these equations to include a factor of the ratio of the two elastic 
The measured ultimate shear loads for slabs I-150-C and I-200-C are compared to the predicted values based on the two proposed modifications in Fig. 16 and 17 ,respectively. The comparison indicates that the proposed Modification 1 is better since it is conservative for all test slabs. Machida's18 approach, used in Modification 2, was found to overestimate several slabs, as shown in Fig. 16 and 17.
SUMMARY AND CONCLUSIONS Eight one-way reinforced concrete slabs, with clear spans of 3000 mm (10 ft), were tested under static loading conditions: Five slabs reinforced by GFRP bars; two reinforced with conventional steel rebars; and one slab reinforced with CFRP bars. Behavior of ~e specimens prior to and after cracking was monitored, including midspan deflections, crack widths, and spacing. Based on these experimental results, the following conclusions may be made:
1.) Behavior of the FRP reinforced slabs throughout the testing was bilinearly elastic until failure. Stiffness of the slabs reinforced by GFRP reinforcements is significantly reduced after initiation of cracks in comparison to slabs reinforced by steel and CFRP bars. .
2.) The slab behavior exhibited adequate warning prior to failure through large and deep cracks, accompanied by large deformations for slabs reinforced by GFRP bars. Crack widths and deflections of slabs reinforced by GFRP reinforcements are significantly larger than comparable slabs with the same percentage of reinforcement using steel and CFRP reinforcements. This is due to the low elastic modulus of GFRP bars in comparison to steel rebars, and the debonding of the outer deformation of this particular bar used in this study.
3.) For the under-reinforced slabs designed to fail by rupture of the reinforcements, the GFRP bars did not reach the ultimate strain based on pure tension tests of the bars. This behavior could be attibuted to the localized failure of the fibers at the crack, due to the sudden transfer of tensile forces from the concrete to the GFRP bars at the crack. Increasing the diameter of th" GFRP bars could aslo magnify the effect of the inerlaminate shear lag phenomenon and consequently reduce ultimate tensile stress of the GFRP bar.
4.) Heavily reinforced slabs with GFRP reinforcements could fail in shear by rupture of the GFRP reinforcements at a crack within the maximum shear-flexural zone. The measured dowel strengths of the GFRP bars is estimated to be 7.5 to 13.8 percent that of the ultimate tensile strength.
5.) The shear capacity provided by all the current code equations signifcantly over-estimate the shear capacity of the slabs reinforced by GFRP bars. It is proposed to modify the current code equations for shear by introducing the ratio of the elastic modulii of GFRP and steel, E FIE s ' as .a multiplier.
6.) Further research should be pursued prior to allowing the use of GFRP as reinforcement for reinforced concrete slabs. 
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